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ABSTRACT 
 It has been hypothesized that the ~25 km Rochechouart-Chassenon impact 
structure (RCIS) in the NW Massif Central, France, was formed during a Late Triassic 
(ca. 214 Ma) terrestrial impact event that produced a catena of several large craters.  
Testing this hypothesis, and assessing its possible impacts on biological evolution, 
requires both accurate and precise dating of candidate impact structures. Like many of 
these structures, the age of the RCIS is controversial because geochronological datasets 
yield contradictory results, even when a single isotopic system is used; for example, the 
two most recent 40Ar/39Ar studies of RCIS yielded statistically inconsistent dates of 201 ± 
2 Ma (2σ) and 214 ± 8 Ma (2σ). While the precision offered by various geochronometers 
used to date impact structures varies significantly, a fair way to assess the confidence 
scientists might have in the accuracy of an impact age is to establish whether or not 
multiple chronometers yield statistically indistinguishable ages when applied to that 
structure. With that in mind, I have applied the (U-Th)/He, U/Pb, and radiation damage 
chronometers to zircons separated from two different RCIS impactites. My best estimate 
of the zircon (U-Th)/He age of the impact event is 191.6 ± 9.1 Ma at the 95% confidence 
level. U/Pb zircon dates suggest that most zircons in the RCIS target rocks were not 
completely reset during impact, but a subset (n = 8) of zircons appear to have 
crystallized from the impact melt or to have been completely reset; these zircons indicate 
a U/Pb impact age of 202.6 ± 5.8 Ma (95% confidence level). Zircon radiation damage 
dates are highly variable, indicating that the RCIS event resulted only in partial 
annealing of pre-impact zircon in the country rock, but a small sub-population of zircons 
yielded a mean date of 211 ± 13 Ma (95% confidence level). These results – all 
statistically indistinguishable from the previously published 40Ar/39Ar date of 201 ± 2 Ma 
– collectively argue that the impact age was near the presently agreed upon Triassic-
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Jurassic boundary. This age raises the possibility that seismite and tsunamite deposits 
found in the present-day British Isles may be related to the RCIS.  
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INTRODUCTION 
Spray et al. (1998) proposed that the Rochechouart-Chassenon impact structure 
(RCIS) in France was part of a terrestrial crater chain – or catena – similar to the one 
produced on Jupiter during the 1994 impact of comet Shoemaker-Levy 9 (Weaver et al. 
1995; Orton et al. 1995). Based on geochronological evidence available at the time, they 
proposed that five known terrestrial craters – Manicouagan and Lake St. Martin in 
Canada, Obolon’ in Ukraine, Red Wing in U.S.A., and RCIS – were coeval at ca. 214 Ma 
and serve witness to the event. However, new 40Ar/39Ar data for RCIS impact-
metamorphosed target rock published by Schmieder et al. (2010) indicated a 201 ± 2 Ma 
age, and the authors used this finding to argue against the catena model. Given that this 
interpretation is based solely on Ar systematics and that previous estimates based on 
other chronometers (as well as other 40Ar/39Ar data) and paleomagnetics remain 
consistent with the catena interpretation, we were motivated to apply the (U-Th)/He and 
U/Pb methods to zircons from representative RCIS impactite samples in order to test the 
competing hypotheses. 
The zircon (U-Th)/He thermochronometer (ZrnHe) is potentially valuable for 
such a study because the He diffusion kinetics of zircon predict that a high percentage of 
the pre-impact zircon crystals in impact target rock might yield (U-Th)/He dates 
concordant with the age of the impact given the size of the RCIS (Young et al. 2013). 
Although the (U-Th)/He systematics of zircon are also susceptible to partial or complete 
resetting during post-impact metamorphism or hydrothermal activity, there is no known 
post-impact thermal overprint in the RCIS region (Schmieder et al. 2010). The U/Pb 
zircon (ZrnPb) geochronometer may also be applied to impactite zircons, but has been 
only occasionally successful for impact event dating due to the very sluggish diffusion of 
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Pb in zircon (Young et al. 2013). However, there are some examples of successfully dated 
impact events using this system, both on Earth and on the Moon (e.g. Krogh et al. 1984; 
Hodych and Dunning 1992; Kamo et al. 1996; Hart et al. 1997; Davis 2008; Zhang et al. 
2011; Norman and Nemchin 2014).  
An important potential outcome of this study, and for any chronological study of 
a major impact structure, is the generation of information that would support correlation 
of an impact event with a global or regional biological extinction—like the significant 
discovery that the Chicxulub impact might have caused one of the most devastating 
biological extinctions in Earth’s history at the Cretaceous-Tertiary boundary (Alvarez et 
al. 1980; Hildebrand et al. 1991; Schulte et al. 2010). However, precise dating of both 
events is necessary for correlation. Many impact craters are roughly dated via 
stratigraphy and, even if their permissible dates overlap with an extinction event, the 
ages may be too imprecise to confidently establish a link between the events. Schmieder 
et al. (2010) also proposed a correlation between RCIS and tsunami deposits found in 
the British Isles due to their updated Rhaetian age (Simms 2003, 2007); this study’s 
dataset will also serve to address the consistency of this postulated connection.  
 
GEOLOGIC BACKGROUND 
The RCIS is located 40 km west of Limoges in the Limousin region of central 
France. The original crater is estimated to have had a diameter of ~25 km, but it 
currently has no topographic expression due (especially) to significant Quaternary glacial 
erosion (Kraut and French 1971; Lambert 1977). The degree of erosion is such that it is 
now possible to observe the crater floor. Although its size implies that RCIS was a 
complex crater (in the terminology of Dence 1964), there is no surviving evidence of the 
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central peak that is characteristic of such structures (Lambert 1974a, 1982; Melosh 
1989). Like most rocks found associated with impact craters, the Rochechouart 
impactites were originally interpreted as volcanic deposits (Manes 1833, as referenced in 
Kelley and Spray 1997), but Kraut and co-workers correctly interpreted Rochechouart as 
a terrestrial impact crater in the 1960s based on impact shock features (Kraut 1967, 
1969; Kraut and French 1971). At the time of impact, the target rocks for the RCIS were 
located in a shallow-water part of the Tethys Sea, as evidenced by paleogeographic 
reconstructions and the observation that Triassic and Lower Jurassic marine 
sedimentary rocks of the Aquitaine Basin are found only 20-25 km WSW of its present 
coordinates (Lambert 1977, 2010; Ziegler 1988). 
The Rochechouart-Chassenon impact occurred in crystalline rocks of the 
northwestern Massif Central sector of the Variscan orogenic system (Figure 1). While 
predominant lithologic units in the impact region have been mapped as granite and 
gneiss, a variety of other rock types also occur, including subordinate diorite, gabbro, 
amphibolite, and serpentinite (Lambert 1977, 2010; Reimold et al. 1983). Massif Central 
was situated at the northern Gondwana margin and, prior to the Variscan orogeny, this 
region endured the opening and closing of various oceanic domains, which resulted in 
diachronous magmatic events during the Cambrian and Early Ordovician (Alexandre 
2007; Melleton et al. 2010 and references therein). The resulting intrusions are thought 
to be the protoliths for orthogneiss in the Lower and Upper Gneiss Units (LGU and UGU, 
Figure 1) in the northwest Massif Central (Alexandre 2007; Melleton et al. 2010). The 
LGU and UGU are the middle stratigraphic units in a series of four stacked nappes 
(Faure et al. 2005; Melleton et al. 2010). The metamorphism associated with the nappe 
stacking event occurred during the Middle Devonian (Ledru et al. 1989 as referenced in 
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Melleton et al. 2010; Faure et al. 2005); however, the metamorphic event (or events) are 
not substantially reflected in U/Pb geochronometry for the LGU and UGU (Alexandre 
2007; Melleton et al. 2010). Instead, the majority of orthogneiss 206Pb /238U dates are 
interpreted as protolith ages: LGU orthogneiss ~70 km southeast of the crater yielded a 
date of 451 ± 5 Ma (Melleton et al. 2010), which is supported by another LGU 
orthogneiss ~40 km west of the crater that yielded three major zircon populations at 457 
± 23 Ma, 526 ± 14 Ma, and 617 ± 17 Ma (Alexandre 2007). Melleton et al. (2010) also 
analyzed an UGU orthogneiss ~100 km northeast of the crater that yielded a U/Pb zircon 
date of 574 ± 14 Ma. Alexandre (2007) interprets the Neoproterozoic population as 
relating to Cadomian orogenic magmatism, the Cambrian population as magmatism 
during the recycling and reworking of Gondwana-derived basement blocks, and the 
Ordovician population as magmatism during oceanic subduction. The six youngest 
detrital zircon grains from a sample of UGU paragneiss collected ~120 km northeast of 
the crater indicated a maximum depositional date of 558 ± 9 Ma for its sedimentary 
protolith (Melleton et al. 2010). However, the sample also contains older inherited grains 
that range from 713 to 3,100 Ma, which are thought to reflect a West African cratonic 
source (Melleton et al. 2010). LGU paragneiss ~100 km southeast of the crater contained 
zircons with U/Pb dates as young as 573 ± 12 Ma, with a significant proportion of 
inherited grains having dates of 670 to 2,800 Ma (Melleton et al. 2010). Collectively, the 
datasets from Melleton et al. (2010) and Alexandre (2007) demonstrate that LGU and 
UGU zircon U/Pb dates typically range between the Ordovician and Archean. The only 
existing date for a target rock granite within the RCIS is 265 ± 12 Ma (2σ, Rb/Sr, 
Reimold et al. 1987). This is technically post-Variscan magmatism and there are no other 
reports of plutonic rocks in the northwestern Massif Central that are quite this young 
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(Lambert 2010). The closest dated extra-crater granitoid is 315 ± 17 Ma (Rb/Sr) on the 
St. Mathieu granite (Duthou 1977 as referenced in Duthou et al. 1984), but Alexandrov et 
al. (2000) demonstrated that many intrusions in the northwestern Massif Central were 
emplaced between 325 and 300 Ma, presumably during late-orogenic extension.  
 
Figure 1: Simplified geologic map of the RCIS. Impactite locales are modified after 
Kelley and Spray (1997); target rock locales are modified after Lambert (2010), Locations 
for samples collected in this study are indicated on the map. For impactite descriptions, 
see Table 1. Dashed line indicates the ~25 km crater diameter.  
 
The character of the RCIS impactor is still debated. Noting siderophile 
enrichment in some of the impactites, Janssens et al. (1977) proposed that it was a IIA 
iron meteorite. Additional geochemical data subsequently led others to instead suggest 
that the projectile was chondritic (Horn and El Goresy 1980; Koeberl et al. 2007). Tagle 
et al. (2009) again inferred that the impactor was an iron meteorite based on platinum 
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group elemental abundances and siderophilic ratios of the impactites. However, many 
still accept the chondritic impactor interpretation (Lambert 2010).  
The impactites found at RCIS are more heterogeneous than those found at larger 
craters like Manicouagan, where the melt sheet is continuous (Palme et al. 1978; Horn 
and El Goresy 1981; Lambert 2010). They are notoriously difficult to classify, as they are 
often dissimilar to impactites from other structures that were used to build the canonical 
impactite nomenclature (Sapers et al. 2014 and references therein). Four main types of 
lithologies have been identified within the mantling deposits of the shocked and 
fractured autochthonous basement rock at RCIS: 1) glassy, buff-colored impact melt with 
shocked and altered clasts; 2) polymict breccia with a vibrantly red, devitrified glassy 
matrix and shocked clasts; 3) polymict breccia with a glassy green matrix and shocked 
clasts; and 4) glass-free monomict breccia with shocked clasts (Table 1, French and 
Kraut 1971; Lambert 1977). Locally, these impactites have been given the names 
Babaudus, Montoume, Chassenon, and Rochechouart, respectively. Alternative 
descriptions of these units, suggested by Sapers et al. (2014), are also included in Table 1. 
The Chassenon breccia is likened to the high-temperature suevite deposit found at Ries 
crater, while the Rochechouart breccia is likened to the low-temperature Ries suevite 
(French and Kraut 1971; Horn and El Goresy 1980, 1981). All RCIS impact rocks are 
enriched in potassium relative to the target rock (on average, 5-7 wt% more K2O), an 
observation which has been interpreted in terms of impact-induced K-metasomatism 
during widespread post-impact hydrothermal activity (Lambert 1977, 2010; Reimold et 
al. 1984, Schmieder et al. 2010).  
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PREVIOUS ESTIMATES FOR THE AGE OF THE IMPACT EVENT 
K/Ar 
Fundamental geologic relationships in the area constrain the RCIS to be post-Variscan. 
The first direct dates for the RCIS impactites were reported by French and Kraut (1971). 
They interpreted unpublished K/Ar dates of 154 ± 8 and 173 ± 8 Ma (2σ) for the 
Babaudus impact melt rock – “personal communication” from J.B. Hartung – as 
constraining the minimum age of the impact. These results were broadly reproduced 
independently by Lambert (1974b): 165 ± 10 Ma (2σ, n=2). All of these dates were 
published before the 1976 IUGS Subcommision on Geochronology (Steiger and Jäger 
1977) subsequently recommended new values for 40K decay constants and K isotopic 
abundances that are in common use today. The Babaudus K/Ar results from both 
publications are shown in Table 2, recalculated using the Steiger and Jäger (1977) values.  
Rb/Sr 
 Reimold and Oskierski (1987) introduced a new age of 185.5 ± 8.4 Ma (2σ, 
(87Sr/86Sr)initial=0.7116 ± 0.0009) for Rochechouart based on application of the Rb/Sr 
chronometer to a sample of the Babaudus impact melt rock. They analyzed a 
combination of whole rock, acid-leached fluid, pyroxene concentrate (pyroxene + 
mesostasis), and feldspar (sanidine); however, the isochron date is solely represented by 
seven analyses that are a combination of the residues and fluids from a single whole rock 
sample that endured three acid-leaching steps. Although samples were leached, they 
reported that the isochron regression was a mixing line between impact melt and 
alteration products.  
Reimold et al. (1987) dated a pseudotachylite vein from the Champagnac quarry  
 
 
 
 
8
 
Table 1: Impactites of the RCIS. 
Type Known as French and Kraut (1971) Sapers et al. (2014) 
1 
Babaudus  
(B) 
Crystalline melt rock with 
scattered shocked and altered 
clasts 
Clast-poor impact melt with a 
crystalline matrix  
2 
Montoume 
(M) 
Red-welded breccia with shocked 
clasts in dense welded and 
recrystallized glassy matrix 
Clast-rich particulate impact 
melt rock with a crystalline 
matrix  
3 
Chassenon 
(C) 
Glass-bearing breccia with 
shocked and altered lithic clasts 
Melt-bearing impact breccia 
with a clastic groundmass and 
melt/glass-bearing inclusions  
4 
Rochechouart 
(R) 
Lithic breccia with shocked clasts, 
sans glass 
Lithic impact breccia 
In
cr
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n
g
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that yielded an isochron date of 217 ± 16 Ma (2σ, n=7) and initial 87Sr/86Sr ratio of 0.716 
± 0.004. This is distinguishable from the more-precise Reimold and Oskierski (1987) 
Babaudus age. Reimold and co-workers interpreted this date as a geologically 
insignificant “chance” array, and concluded that it was not representative of a mixing 
line between target rock and alteration products. They preferred the younger, more-
precise Rb/Sr date from Reimold and Oskierski (1987) as indicative of the impact age. 
Fission Track 
 Wagner and Storzer (1975) analyzed both glasses and apatites from the 
Chassenon impactite using the fission-track method. The glasses were separated from 
the matrix, while the apatites were separated from ~2 cm crystalline inclusions. Their 
initial findings were 69 ± 2 Ma and 168 ± 7 Ma for the glasses and apatites, respectively. 
However, they indicated that these dates were minima due to partial track fading during 
a subsequent thermal event. Employing calibration curves, they adjusted their fission-
track dates to 206 ± 39 Ma for the glasses and 198 ± 25 Ma for the apatites (2σ).  
40Ar/39Ar 
 The two most recently published ages for RCIS impactites were obtained using 
the 40Ar/39Ar method by Kelley and Spray (1997) and Schmieder et al. (2010). Kelley and 
Spray presented infrared (Nd-YAG) laser spot-fusion data for a ~1.5 cm-wide 
pseudotachylite vein from the Champagnac quarry in the northeast of the structure. 
Twenty-three matrix analyses range from 231 Ma to 1,686 Ma. They interpreted a 214 ± 
8 Ma date from an isochron with eight ‘central zone’ matrix analyses as the impact age; 
this zone was relatively clast-poor compared to the outer edges of the vein. The isochron 
mean squared weighted deviation (MSWD; Wendt and Karl 1991) is 1.5, which is within 
the acceptable error for a population of eight analyses. 
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 Schmieder et al. (2010) dated K-feldspar from an impact-metamorphosed gneiss 
basement rock using conventional step-heating methods. They analyzed primary, 
recrystallized K-feldspar of spherulitic texture and secondary, idiomorphic adularia that 
grew in cavities of the gneiss. The primary feldspar yielded an 8-step isochron date of 
201.1 ± 1.8 Ma (2σ, ~80% 39Ar), with an acceptable MSWD of 0.79, while the secondary 
feldspar yielded a slightly younger, but statistically indistinguishable 10-step isochron 
date of 200.1 ± 3.8 Ma (2σ, ~85% 39Ar), with an acceptable MSWD of 0.51. The isochrons 
indicated 40Ar/36Ar ratios of 298 ± 10 and 300 ± 36 for the primary and secondary 
feldspars, respectively. The overlap of these ratios with atmospheric 40Ar/36Ar ratios 
implies little to no excess 40Ar. Assuming that both dates can be interpreted as the 
40Ar/39Ar closure dates of the primary K-feldspar and secondary adularia, Schmieder et 
al. (2010) interpreted the former date as indicative of the formation age of the RCIS and 
the latter date as the timing of an episode of hydrothermal activity that persisted for a 
very short period after the impact.  
Paleomagnetics 
 Initial paleomagnetic studies of the RCIS impactites were done by Pohl and Soffel 
(1971). They collected samples for all four impactite types, but the Babaudus and 
Rochechouart were reported as too weakly magnetic for proper analysis. The Montoume 
and Chassenon samples yielded a combined mean declination of 46.4° and mean 
inclination of 34.8° (n=130, k=310, α95=4°). They reported that these numbers were 
indicative of a Late Triassic or Early Jurassic age, and that they were broadly consistent 
with the initial K/Ar ages for Rochechouart (154-173 Ma), as well the fission track ages 
for Rochechouart (~200 Ma).  
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 New data from Carpozen and Gilder (2006) seemed to narrow the age constraints 
for RCIS. In this study, 52 cores were sampled at Rochechouart in a combination of 
Babaudus, Montoume, and host rock lithologies. For the impact breccias, a total of 25 
demagnetized samples from 20 cores yielded a combined mean declination of 35.6° and 
mean inclination of 42.7° (k=806.9, α95=4.3°) and display both reversed and normal 
polarities. This places the breccias within an age bracket of 210 to 220 Ma, a narrower 
margin than that of Pohl and Soffel (1971). While addressing the differences between 
their data and those of Pohl and Soffel, Carpozen and Gilder asserted that their virtual 
dipole moment (VPM) is most likely time-averaged due to the slower cooling of the 
Babaudus and Montoume impactites, whereas the Pohl and Soffel data offer a record of 
instantaneous VPMs.  
The paleomagnetics were readdressed in Eitel et al. (2014). Seventy-two new 
cores from nine impactite outcrop sites (Montoume, Chassenon, and Valette) were 
collected. Like those analyzed by Carpozen and Gilder (2006), these impactite samples 
recorded both reverse and normal polarities, but the new study also identified mixed 
polarities in some samples, mainly those with the highest percentage of melt. The 
interpretation of Eitel and co-workers was that the impact most likely occurred during a 
reversed polarity state (recorded by the Montoume and Chassenon samples) and 
subsequent self-reversal occurred in the melt-rich samples, causing the observed normal 
and mixed polarities. Additionally, if it is assumed that the Rochechouart impactites 
averaged secular variation, the Eitel et al. (2014) results are consistent with the 210 to 
220 Ma age picks of Carpozen and Gilder when compared to the European plate 
apparent polar wander path (APWP). However, Eitel and co-workers assert that if the 
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impactites did not average secular variation, comparison to the APWP is not appropriate, 
and the 210-220 Ma age is not necessarily correct.  
 
CHRONOMETERS USED FOR THIS STUDY AND THEIR RECORDS OF SUCCESS IN 
DATING IMPACT EVENTS 
U/Pb 
For determining the ages of crystalline igneous rocks on Earth, the ZrnPb method 
has become the ‘gold standard’ for accuracy and precision (Schoene 2014). It seems 
intuitive that the ZrnPb method should be equally valuable for dating impact events, but 
attempts to use the method for this purpose have had mixed success. To the best of our 
knowledge, impactites from only four impact structures have been successfully dated by 
ZrnPb in an unequivocal way: Manicouagan, Vredefort, Morokweng, and Sudbury 
(Hodych and Dunning 1992; Kamo et al. 1996; Hart et al. 1997; Davis 2008). In all of 
these cases, the dates – obtained by thermal ionization mass spectrometry (TIMS) –were 
of very high precision (2σ ≤ 0.6%). For structures that were also dated by other methods 
such as 40Ar/39Ar or (U-Th)/He, the ZrnPb dates were far more precise (e.g., Jourdan et 
al. 2009; van Soest et al. 2011). Unfortunately, the list of structures for which ZrnPb has 
been attempted, but has failed to produce an unambiguous indication of an impact age, 
is far longer than the list for which the method was an unqualified success. 
There are two over-arching reasons why some ZrnPb datasets may be of limited 
value for impact chronology: 1) the target rocks in most impact structures contained pre-
impact zircons; and 2) the U/Pb systematics of those pre-impact zircons appear not to 
have been reset during the impact event, or to have been only partially reset. The process 
of isotope chronometer resetting – for ZrnPb as well as a variety of other chronometers 
 
 
 
 
13
 
Table 2: Previously published chronological data for the RCIS.  
Method 
 
Impactite Analyzed Other Rock Type References 
 
 Ba Ma Ca Ra PVa BRa  
K/Ar 
157.7 ± 8.2b 
177.0 ± 8.2b 
169 ± 10b 
-- -- -- -- 
 
-- 
French and Kraut 1971 
French and Kraut 1971 
Lambert 1974b 
Rb/Sr 185.4 ± 8.4 -- -- -- -- -- Reimold and Oskierski 1987 
Rb/Sr -- -- -- -- 217 ± 16 -- Reimold et al. 1987 
Fission track -- -- 
206 ± 39 
198 ± 25 
-- -- -- 
Wagner and Storzer 1975 (Gl) 
Wagner and Storzer 1975 (Ap) 
40Ar/39Ar -- -- -- -- 214 ± 8 -- Kelley and Spray 1997 
40Ar/39Ar -- -- -- -- -- 201 ± 2 Schmieder et al. 2010 
Paleomagnetics --  UT/LJ -- -- -- Pohl and Soffel 1971 
Paleomagnetics 210-220 -- -- -- -- 
Carpozen and Gilder 2006;  
Eitel et al. 2014c 
 
a The impact rock type shorthand descriptions are found in Table 1. Other abbreviations are: PV=pseudotachylite vein, BR=basement rock, 
Ap=apatite, Gl=glass, UT=Upper Triassic, LJ=Lower Jurassic. All ages are in millions of years and the uncertainties are 2σ, when applicable.  
b Ages recalculated with Dalrymple (1979) conversion factors that use the updated Steiger and Jäger (1977) K decay constant. 
c Eitel et al. (2014) agree with these age constraints if the RCIS impactites averaged secular variation.  
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commonly applied to impact studies –was explored by Young et al. (2013). Based on 
experimentally derived diffusion parameters for Pb in zircon (Cherniak and Watson 
2001) and the mathematics of thermally activated diffusive loss of radiogenic daughter 
products (Watson and Cherniak 2013), Figure 2 illustrates the combination of durations 
and maximum temperatures required during an impact event for essentially complete 
resetting of the ZrnPb chronometer (Young et al. 2013). Also superimposed on this figure 
are notional ranges of temperatures and timescales for two primary stages of impact 
structure evolution (contact and compression and excavation) and one secondary impact 
process (hydrothermal activity). The relationships shown here suggest that only pre-
impact zircons in the central target regions of impact craters that experience the highest 
temperature conditions of the contact and compression stage are likely to have their 
U/Pb systematics fully reset to the impact age, but they will not be reset during the 
excavation stage or hydrothermal activity. 
The highest probability of successful ZrnPb dating of an impact event is when the 
event produced a significant amount of impact melt and new zircons – referred to 
hereafter as “neoblastic zircons” – grew from the melt. In fact, the four successfully dated 
structures are very large (with crater diameters ≥70 km) and have voluminous crystalline 
impact melt sheets, and the dated zircons were neoblastic, either as distinctive crystals or 
as overgrowths on pre-impact crystals. Even in crystalline impact melt sheets, the total 
zircon populations are likely mixtures of pre-impact and neoblastic zircons, so that 
isolating and dating neoblastic zircon can be challenging (Armstrong et al. 2002). In this 
thesis, I illustrate how laser ablation U/Pb dating by inductively coupled, plasma mass 
spectrometry (LA-ICPMS) may enable the identification of predominately neoblastic 
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crystals in such mixed populations, such that crystals can be specifically dated by TIMS 
U/Pb with the highest possible precision.  
 
Figure 2: Thresholds for 99% resetting of the U/Pb and (U-Th)/He systematics of pre-
impact zircons, after Young et al. (2013). Blue and red curves represent the thresholds 
for ZrnPb and ZrnHe, respectively. Also shown are notional ranges for temperatures and 
durations of the stages of impact structure evolution. Sources for these ranges and 
additional details on how this figure was produced may be found in Young et al. (2013).  
 
(U-Th)/He 
Figure 2 also illustrates the equivalent resetting curve for the ZrnHe 
chronometer. Because all three stages of impact structure development can potentially 
reset this chronometer, it should be a powerful tool for impact studies, and this has been 
demonstrated for several structures (Wartho et al. 2009; Peate et al. 2010; van Soest et 
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al. 2011; Wartho et al. 2012a; Wartho et al. 2012b; Biren et al. 2013; Young et al. 2013; 
Biren et al. 2014; Young 2014). A typical pattern observed in such studies is that a 
portion of ZrnHe dates have been totally reset to a young age, but others are only 
partially reset. This common result is usually interpreted to be related to the fact that the 
notional temperature-timescale regions for excavation and hydrothermal activity also 
extend to parts of the graph in Figure 2 that lay below and to the left of the ZrnHe 
resetting curve and thus in the domain of only partial resetting (Young et al. 2013). If 
this hypothesis is correct, the youngest mode of ZrnHe dates from an impactite can be 
reasonably interpreted as the age of impact. However, the same diffusivity characteristics 
of He in zircon that make ZrnHe an effective chronometer for impact structures also 
make the chronometer susceptible to post-impact partial or complete resetting during 
subsequent, regionally significant thermal events (Reiners 2005). As a consequence, the 
method is most successful when applied to impact structures than show no evidence of 
significantly post-impact thermal activity, as is the case for the RCIS (Schmieder et al. 
2010). 
Radiation Damage 
 All minerals commonly used for U/Pb and (U-Th)/He dating also experience 
time-dependent structural damage principally as a consequence of α decay, which 
suggests a chronologic method that has not previously been applied to U+Th-rich 
minerals in impactites. Radiation damage dating of zircons was initially proposed in the 
1950s (Holland and Kulp 1950; Kulp et al. 1952; Hurley and Fairburn 1953). Holland and 
Gottfried (1955) demonstrated a strong correlation between structural damage in a Sri 
Lankan zircon, as determined by X-ray diffraction, and its α dose, which is determined 
by U and Th abundances and a zircon’s crystallization age. They suggested that this 
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correlation could be used to determine radiation damage ages. However, due to the fact 
that radiation damage anneals over time, especially at elevated temperatures, the notion 
of radiation damage dating of zircon – a chronometric method we refer to here with the 
acronym ZrnRD – fell out of favor for the better part of four decades before its revival by 
Pidgeon and co-workers in the relatively recent past (e.g., Pidgeon et al. 2014).  
There are two keys to this revival. The first is conceptual; like ZrnHe or fission 
track, ZrnRD should be regarded as a thermochronometer, not a geochronometer. As 
noted by Pidgeon et al. (2014), the current radiation damage in a zircon crystal 
represents that which has accumulated since the crystal cooled though some relatively 
narrow temperature range, such that we can think of a ZrnRD closure temperature 
analogously to how we think about the transition from open to closed system behavior 
for radiogenic isotopes (Dodson 1973; Hodges 2014). Pidgeon et al. (2014) suggested a 
notional value of ca. 230˚C for the “closure” temperature of the ZrnRD chronometer. A 
second key is the more widespread availability of Raman microscopes that enable rapid, 
non-destructive, quantitative, and high spatial-resolution characterization of structural 
damage in single zircons (Nasdala et al. 2001; Palenik et al. 2003). In this thesis, we 
present what is thought to be the first application of this technique to terrestrial 
impactite dating. 
 
SAMPLE SELECTION 
Samples of the Montoume and Babaudus impactites were collected in July and 
August of 2015 for this project. These units were selected for sampling because they 
typically contain higher percentages of melt than other RCIS impactites (Sapers et al. 
2014). After examination, the four Montoume samples showing the least amount of 
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obvious alteration (RIC_15_002, RIC_15_005, RIC_15_014, and RIC_15_015) and one 
relatively unaltered Babaudus sample (RIC_15_013) were selected for characterization 
and chronology. Collection localities are shown in Figure 1. 
Montoume Sample Characteristics  
 Samples RIC_15_002 and RIC_15_005 were collected in-situ, while RIC_15_014 
and RIC_15_015 were pieces of float found at the Montoume quarry. This material is 
characteristically red on both weathered and fresh surfaces. With the exception of 
RIC_15_002, the Montoume impactite samples are best classified as clast-rich impact 
melt breccias, with a quartzofeldspathic devitrified matrix cement. Clasts were found to 
be both monomineralic quartz and polymineralic (quartz + K-feldspar) lithic fragments, 
with sizes ranging from sub-millimeter to several decimeters. Many clasts and quartz 
crystals display shock features, including: 1) planar deformation features in quartz, 
which appear as a network of intersecting, intracrystal lines indicative of mechanical 
failure planes (Whitehead et al. 2002); 2) toasted quartz, which appears as lightly brown, 
nonpleochroic crystals and is thought to be indicative of submicron fluid inclusions 
(Whitehead et al. 2002); and 3) ballen features, which appear as intracrystal, spheroidal 
to ellipsoidal fractures that can indicate recrystallized diaplectic quartz glass that 
transitioned from cristobalite back to α-quartz (Ferrière et al. 2009). In comparison, 
RIC_15_002 was finer grained and notably clast-poor (Figure 3). Most clasts in 
RIC_15_002 are shocked quartz xenocrysts with a grain size of less than 1 mm, although 
a few rare clasts between 1 and 2 mm were observed. Clasts in all samples were angular 
to sub-angular.  
A polished thin section prepared from RIC_15_002 was studied in some detail by 
backscattered electron (BSE) imaging and energy-dispersive spectrometry (EDS) to 
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elucidate mineralogy and general matrix composition using a JEOL JXA-8530F electron 
microprobe at Arizona State University’s John M. Cowley Center for High Resolution 
Electron Microscopy. For both BSE and EDS, the microprobe was operated at 15 kV and 
ranged between 40 and 80 nA for varied acquisition times.  
 
Figure 3: Hand sample photos of clast-poor (RIC_15_002, left) and clast-rich 
(RIC_15_015, right) samples of Montoume impactite.  
 
 In thin section, RIC_15_002 reveals itself to be an impact melt rock with 
elongated vesicles at microscale; this elongation is interpreted as a flow feature, similar 
to flow features also observed in hand specimen. Unlike in the Babaudus sample 
(described below), the vesicles are not filled with secondary mineralization. The matrix 
of this rock is essentially fully devitrified into a quartz+feldspar aggregate with titanium-
rich biotite and Fe-Ti oxide as accessory minerals (Figure 4). The small clasts in the 
impactite acted as nucleation centers around which devitrified glass recrystallized in 
radial bundles of feldspar (Figure 5). The matrix largely consists of quartz and K-
feldspar. An important difference between RIC_15_002 and the other studied 
Montoume samples is that it contains a small percentage of biotite. This biotite appears 
as subhedral crystals with long dimensions in thin section of up to 1-2 mm. Accessory Fe-
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Ti oxides occur as both rounded (several tens of micrometers) and elongated grains (long 
axis: 20 to 150 micrometers) and can contain small inclusions of quartz.  
RIC_15_015, representing the clast-rich Montoume samples, was also studied in 
thin section. While unfilled vesicles are not as common in the clast-rich samples as they 
are in the clast-poor sample, elongated microscale-vesicles can be observed in the 
RIC_15_015 thin section. Similarly to RIC_15_002, this sample has a fine-grained,  
 
Figure 4: BSE image of the main and accessory minerals of sample RIC_15_002. 
Abbreviations are: Qtz=quartz, Kfs=K-feldspar, Fe-Ti-ox=Fe-Ti oxide, Bt=biotite. 
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Figure 5: Laths of feldspar growing radially from clasts in RIC_15_002, PPL.  
 
quartzofeldspathic matrix, with accessory Fe-Ti oxides similar to those described in 
RIC_15_002. Although the groundmass mineralogy is similar as well, the radial 
overgrowths around clasts are less common in the clast-rich samples, and the matrix 
seems less devitrified. Under the microscope, shock features are obvious in both 
monomineralic quartz clasts and the quartz within lithic clasts.  
Babaudus Sample Characteristics 
 The Babaudus impactite is best described as a clast-poor impact melt rock. 
Representative sample RIC_15_013 has an appearance strikingly different from the 
Montoume impactite, displaying a buff-colored matrix with easily distinguished, 
similarly colored lithic clasts on a fresh surface. Weathered surfaces of the impactite 
appear dark gray, black, or dark yellow. The clasts range in size from less than a 
millimeter to several centimeters. Many of these lithic clasts show evidence of partial 
assimilation in the melt, while monomineralic quartz xenocrysts in the rock show little 
evidence of assimilation. Shock features found in clasts of the Montoume impactite are 
also common in the lithic clasts and quartz xenocrysts in this sample.  
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Petrographic, BSE, and EDS reconnaissance study of a thin section of 
RIC_15_013 reveals it to be more vesicular than any of the studied Montoume samples. 
Amygdaloidal, iron-rich chlorite typically lines or entirely fills the vesicles; it most likely 
represents post-impact hydrothermal alteration and/or near-surface weathering (Figure 
6, French and Kraut 1971; Sapers et al. 2014). Based on EDS observations, the most 
prevalent mineral presently in the ‘melt’ matrix of this sample is recrystallized 
orthoclase, although small (5-10 µm) crystals of pyroxene and quartz were identified as 
well. The matrix of this sample contains less quartz than the RIC_15_002 section of the 
Montoume impactite. In plane-polarized light (PPL), pervasive iron-oxide staining is 
observed, a product of post-impact hydrothermal alteration (Sapers et al. 2014). Unlike 
the Montoume samples, there are no observed Fe-Ti oxides in RIC_15_013, however 
Sapers et al. (2014) reported submicron Fe-Ti oxides in the Babaudus sample from their 
study.  
 
Figure 6: BSE image of a portion of the melt matrix of Babaudus sample RIC_15_013. 
The white line delineates a vesicle partially filled with iron-rich chlorite. Abbreviations 
are: Chl=chlorite, Kfs=K-feldspar, Qtz=quartz.  
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ANALYTICAL METHODS 
ZrnHe Chronometry 
ZrnHe dates were determined for 9 zircons in Babaudus sample RIC_15_013 and 
10, 10, 10, and 6 zircons in Montoume samples RIC_15_002, RIC_15_005, RIC_15_014, 
and RIC_15_015, respectively. Zircons were separated in bulk using magnetic and 
gravimetric techniques, and individual zircons – euhedral, free of obvious inclusions and 
fractures, and with grain sizes ≥ 50 µm – were selected for (U-Th)/He analysis. These 
zircons were measured and encapsulated in Nb tubes for analysis in the Group 18 
Laboratories at Arizona State University. Helium analysis was done using an Australian 
Scientific Instruments Alphachron MkII system, with gasses extracted by heating with 
an infrared (970 nm) diode laser. Re-extracts continued for each zircon until 4He output 
was less than 0.5% of the initial extraction. Samples were then dissolved using standard 
procedures (see Appendix A) and parent isotopes (238U, 232Th) analyzed by inductively 
coupled, plasma source mass spectrometry (ICP-MS) with a Thermo Scientific i-Cap Q 
instrument. 235U abundance is calculated from the analyzed 238U, using the widely 
accepted Steiger and Jäger (1977) 238U/235U value of 137.88. 147Sm typically contributes 
<1% to 4He production and is not a commonly occurring trace element in zircon, and 
thus was not analyzed for this study. Analytical procedures were monitored by ZrnHe 
analyses of individual crystals of the Fish Canyon zircon standard (Horne et al. 2016); 
two standards were analyzed for every twenty RCIS impactite analyses.  Alpha ejection 
correction factors were calculated based on the method of Hourigan et al. (2005).  
ZrnPb Chronometry 
ZrnPb dates were generated for 37 zircons in Babaudus sample RIC_15_013  and 
43, 47, 37, and 27 zircons in Montoume samples RIC_15_002, RIC_15_005, 
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RIC_15_014, and RIC_15_015, respectively, by laser ablation ICPMS (LA-ICPMS) in the 
Group 18 Laboratories. One batch of hand-picked, ≥ 50 µm, and inclusion-free zircons 
from all samples were mounted in TorrSeal (a low vapor-pressure, UHV adhesive), while 
a second batch of hand-picked, ≥ 20 µm, and inclusion-free zircons were mounted in 
epoxy. After polishing, the grain mounts were loaded into a Photon Machines HelEx dual 
volume ablation cell for material extraction by ablation using a Photon Machines 
Analyte G2 ArF excimer ultraviolet (193 nm) laser. Laser energy was applied at 5 mJ 
(100% output power) with a pulse frequency of 5 Hz for 100-400 seconds to produce 
ablation pit sizes ranging from 25 to 65 µm in diameter and with depths of 10-35 µm. 
Ablated material was streamed to the plasma source of a Thermo Scientific i-Cap Q 
quadrupole mass spectrometer for analysis using a He carrier gas. Prior to sample 
analysis, the mass spectrometer was auto-tuned using National Institute of Standards 
and Technology (NIST) 612 glass, and system performance was monitored by an analysis 
of Plešovice zircon standard (Sláma et al. 2008) after each five unknown analyses. Data 
reduction was performed using the Iolite software procedural package for Igor Pro.  
Radiation Damage Chronometry 
Because the radiation damage dating method may be less familiar to readers than 
(U-Th)/He or U/Pb, we provide a more detailed description of our ZrnRD procedures 
here. The essential equation describing the development of α radiation damage (Dα) over 
time in a zircon is:  
𝐷𝛼 = 8 ∗ (
𝐶𝑈∗𝑁𝐴∗0.9928
𝑀238∗106
) ∗ (𝑒λ238𝑡 − 1) + 7 ∗ (
𝐶𝑈∗𝑁𝐴∗0.0072
𝑀235∗106
) ∗ (𝑒λ235𝑡 − 1)                      
+6 ∗ (
𝐶𝑇ℎ∗𝑁𝐴
𝑀232∗106
) ∗ (𝑒λ232𝑡 − 1)                                                  (1) 
where CU and CTh are the concentrations of U and Th in the zircon; M232 , M235 , and M238 
are the molecular weights of 232Th, 235U, and 238U; λ232 , λ 235 , and λ 238 are the decay 
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constants of 232Th, 235U, and 238U; NA is Avogadro’s number; and t is the elapsed time 
(Nasdala et al. 2001). Given U and Th analyses and a knowledge of the amount of 
radiation damage in a zircon, a ZrnRD date can be calculated iteratively from Equation 1, 
solving for t.  
For our study, ZrnRD dates were determined for 15 zircons in Babaudus sample 
RIC_15_013 and 11, 19, 13, and 2 zircons in Montoume samples RIC_15_002, 
RIC_15_005, RIC_15_014, and RIC_15_015, respectively. Hand-picked ≥ 50 µm and 
inclusion-free zircons from these samples were mounted in TorrSeal and polished prior 
to spectral analysis using a HORIBA Scientific XploRA PLUS confocal Raman 
microscope in the Group 18 Laboratories. Of special interest for our application is the 
finding by Palenik et al. (2003) that the full width at half maximum of the ~1010 cm-1 v3 
(SiO4) Raman band for zircon (hereafter FWHMSiO4) correlates with Dα as defined in 
Equation 1. For each zircon, we used the Raman microscope to measure FWHMSiO4 at a 
central position on its polished surface using a focused visible (532 nm) laser and a 
2,400 gr/mm grating, with variable filtering (between 50% and 100%) and acquisition 
time (between 5 and 30 s) to maximize signal/background ratios.  During analysis, the 
footprint of the laser was ca. 2 µm. After corrections of the measured FWHMSiO4 based 
on the spectral resolution of the Raman microscope (Irmer 1985), we assigned the 
resulting value a nominal 1σ of 5%, following Pidgeon et al. (2014). We then used the 
empirical correlation relationship between FWHMSiO4 and Dα suggested by Palenik et al. 
(2003) to arrive at an input value for Equation 1. 
After the Raman measurements, the polished sample was loaded into the Photon 
Machines HelEx cell for laser ablation U and Th analyses using the same procedures as 
described above for ZrnPb analyses. The resulting U and Th values thus average over a 
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much larger domain of zircon than the domain sampled by Raman analysis. 
Uncertainties for ZrnRD dates were estimated using a Monte Carlo error propagation 
routine that accounts for uncertainties in the FWHM measurement, in parameters of the 
conversion relationship of Palenik et al. (2003), and in U and Th concentration 
measurements.  
 
CHRONOLOGICAL RESULTS AND INTERPRETATIONS  
 A summary of my best interpretations of the age of the RCIS based on application 
of the ZrnHe, ZrnPb, and ZrnRD chronometers is presented in Table 3. All of the data is 
documented in Appendix B as tables (e.g., Table S1 for the ZrnHe data).  All new ZrnHe, 
ZrnPb, and ZrnRD dates in the tables and the text of this thesis are reported at the 95% 
confidence level, which is close to – but slightly different from – the 2σ level.   
ZrnHe 
ZrnHe dates for the Babaudus sample ranged from 142.7 ± 4.0 Ma to 283.9 ± 8.6 
Ma (Table S1). Similar variations were found for each of the Montoume samples; 
collectively, the ZrnHe dates for all Montoume zircons ranged from 109.3 ± 3.2 Ma to 
270.5 ± 3.9 Ma. The dates for each sample are overdispersed, which is to say that they 
scatter more than would be anticipated from analytical imprecision alone. There are 
many potential causes for overdispersion in ZrnHe data (as reviewed by Hodges and 
Mercer, manuscript in preparation; Hourigan et al. 2005), but a major factor in 
impactites is incomplete resetting of the (U-Th)/He chronometer in pre-impact zircons 
during transient impact events (Young et al. 2013). In many cases, this manifests as a 
frequency distribution of dates – depicted either using the summed probability density 
plot or a kernel density estimator plot (Vermeesch 2012) – that is highly skewed, 
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Table 3. ZrnHe, ZrnPb, and ZrnRD Results from This Study. 
 
Chronometer Mean (Ma) Na Impactite(s)b 
ZrnHe 191.6 ± 9.1c 39 M+B 
ZrnPb 202.6 ± 5.8c 8 M 
ZrnRD 211 ± 13c 8 M+B 
a Number of zircon analyses included in the mean.  
b Descriptions of the Montoume (M) and Babaudus (B) impactites included in text and Table 1. 
c ZrnHe mean does not include the six outliers discussed in text. All errors reported at the 95% 
confidence level.  
 
with a preponderance of young ZrnHe dates (interpreted as roughly corresponding to the 
impact age) and a ‘tail’ of older ZrnHe dates that reflect target rocks thermally unaffected 
by the impact. There is no clear evidence of such a pattern in our RCIS ZrnHe data 
(Figure 7); in fact, the data illustrate a broadly symmetric pattern dispersed about a 
single mode, as is shown particularly by the kernel density plot for all 45 Montoume and 
Babaudus zircons. The implication of this is that the (U-Th)/He systematics of these 
zircons were nearly completely reset during impact, and any partial resetting is masked 
by large amounts of dispersion due to other factors, such as U-Th zoning. It is also 
possible that the very young (Cretaceous) ZrnHe dates reflect post-impact 4He loss 
related to a previously unrecognized post-impact alteration event. 
Given the observed distribution in (Figure 7), our best estimate for the ZrnHe age 
of the impact event corresponds roughly to the maxima of the kernel density estimator 
plot in Figure 7, and might be computed explicitly as the inverse-variance weighted mean 
of ZrnHe dates from all samples. For all 45 zircons, the result is 177.93 ± 0.82 Ma with 
an MSWD of 193.5. This extremely high MSWD reflects extreme overdispersion of the 
data and suggests that it would be appropriate to examine the dataset for obvious 
outliers that might be excluded for the calculation of the mean. Unfortunately, there are 
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no obvious unusual characteristics of specific zircons (such as inclusions or subhedral 
habit) that might argue for exclusion, so we are left to using statistical methods in our 
search for outliers. We elected to use a modified version of the Hampel outlier method 
(Davies and Gather 1993; Pearson 2011) in which we take into consideration the specific 
uncertainties of each ZrnHe date (Hodges and Mercer, manuscript in preparation). 
Using the Hodges and Mercer approach, which assumes a conservative Hampel outlier 
limit of 4, the modified Hampel identifier method identified six outliers (Table S1), and a 
recalculation of the inverse-variance weighted mean of the remaining 39 zircons yields 
191.64 ± 0.95 Ma. The MSWD for this mean is much better than that for all 45 points 
(91.9 vs. 193.5), but still reflects major overdispersion. It is very common in the 
geochronology community to assign a more robust uncertainty to a calculated inverse-
variance weighted mean for overdispersed data by multiplying the formal uncertainty by 
the square-root of the MSWD (Ludwig 1991; York et al. 2004). Doing so results in our 
preferred (but highly imprecise) ZrnHe age for the RCIS impact of 191.6 ± 9.1 Ma (Table 
3).      
In order for this ZrnHe age to adequately define the impact event, two criteria 
must be met: 1) the analyzed impactites had to cool and become a closed system with 
regards to He loss within a geologically insignificant time period after impact; and 2) no 
post-impact thermal event disturbed the (U-Th)/He systematics. Although the impact-
induced hydrothermal alteration at the RCIS caused elevated temperatures to persist 
post-impact, studies of other similarly-sized impact structures suggest that impact-
related hydrothermal activity is typically short-lived. For example, hydrothermal activity 
associated with the 24 km Haughton crater in Canada persisted only a few tens of 
thousands of years after collision (Osinski et al. 2001), while hydrothermally altered 
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impactites from the 23 km Ries crater, Germany, are thought to have cooled from 600°C 
to 100°C within 2,000 years after collision (Pohl et al. 1977). These examples indicate 
that the first criterion was likely met. The question of whether the second criterion is met 
is a little more ambiguous. There is no reported post-impact magmatic or metamorphic 
event in this region (Schmieder et al. 2010); however, it is possible there was an as-of-yet 
unrecognized post-impact thermal event, which is indicated by the small population of 
young ZrnHe dates and the partial fading in fission tracks observed by Wagner and 
Storzer (1975). Despite this possibility, we interpret the ZrnHe date as broadly indicative 
of the age of the Rochechouart-Chassenon impact event.  
ZrnPb 
Due to variable degrees of common Pb contamination in the RCIS zircons 
selected for dating, we define their ZrnPb dates here as 206Pb/238U dates, which are less 
affected by unintentionally improper common Pb corrections. The ZrnPb dates for all 191 
dated zircons (Table S2) display a strongly skewed distribution with a broad Phanerozoic 
maxima and a tail that extends to the Paleoproterozoic (Figure 8). Except for one clear 
outlier in the RIC_15_005 dataset (denoted in Table S2), the youngest ZrnPb dates are 
Late Triassic or Early Jurassic. There is only moderate variation in the median ZrnPb 
dates among the Montoume and Babaudus samples (357 to 430 Ma). Overall, in light of 
previous geochronologic work in the region, we interpret the distribution of dates to 
indicate the presence of: 1) pre-Variscan zircons which are likely detrital grains derived 
from the metasedimentary rocks of the Massif Central; 2) Variscan zircons of igneous 
and possibly metamorphic origin; and 3) post-Variscan zircons associated with late-
orogenic or post-orogenic magmatism (Alexandrov et al. 2000; Alexandre 2007; 
Melleton et al. 2010). Of particular interest is the presence of a few crystals of apparently 
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Figure 7: Probability density (gray) and kernel density estimator (unfilled) plots for the 
ZrnHe dataset. Small open circles indicate specific dates. Kernel density estimator was 
calculated assuming a bandwidth of 30. Data are in Table S1, Appendix B. 
 
neoblastic (impact-related) zircon in every sample except RIC_15_013 (the Babaudus 
impactite), comprising a subpopulation of n = 8 crystals in all. These zircons yield an 
inverse variance-weighed mean date of 202.6 ± 1.6 Ma with an MSWD of 12.5. The 
dispersion of these dates, while limited compared to that encountered for the RCIS 
ZrnHe dates, is still more than anticipated on the basis of analytical uncertainties alone. 
To some extent, this may reflect post-impact alteration or potentially the possibility that 
the grains contain neoblastic zircon overgrowths on pre-impact zircons. Our analytical 
protocols did not permit the kind of high spatial-resolution 206Pb/238U analyses (which 
might be possible using an ion microprobe) that would be necessary to address such 
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questions. For now, we conservatively multiply the analytically derived uncertainty by 
the square root of the MSWD to arrive at what we regard as the best available ZrnPb age 
of the RCIS at the 95% confidence level: 202.6 ± 5.8 Ma (Figure 8).  
 
Figure 8: Probability density (gray) and kernel density estimator (unfilled) plots for the 
ZrnPb dataset. Kernel density estimator was calculated assuming a bandwidth of 30. 
Data are in Table S2, Appendix B. The inset depicts the PDP (gray) of the eight youngest 
zircon grains (excluding the RIC_15_005 outlier), which we interpret as neoblastic 
zircons.  
 
ZrnRD 
Radiation damage dates for the RCIS samples (Table S3) have larger notional 
uncertainties (ca. 7% at 1σ) than either ZrnPb or ZrnHe dates. Much of this can be 
attributed to propagated uncertainties of the Palenik et al. (2003) fitting parameters 
used to relate FWHMSiO4 to Dα. Despite these larger uncertainties, the ZrnRD dates are 
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highly overdispersed, both for individual samples and for the entire set of 60 dates 
(Figure 9). They range from a low of 108 ± 16 Ma to a high of 1050 ± 130 Ma. We 
hypothesize that at least some of this dispersion is related to U+Th zoning in the zircon. 
While our laser ablation analytical procedure for U and Th averages across relatively 
large volumes of zircon by design, our single-spot surface Raman measurements with a 
narrow beam footprint do not average across domains of different U+Th concentration 
and thus Dα. Nevertheless, we regard most of the observed dispersion in ZrnRD dates to 
be an indication of incomplete annealing of pre-impact irradiation damage in many of 
the analyzed zircons. 
            Figure 9 shows the same sort of strongly skewed distribution as the ZrnPb dataset 
depicted in Figure 8. Disregarding the outlying ZrnRD dates >800 Ma, the distribution 
in Figure 9 shows two prominent modes at ca. 210 and ca. 470 Ma. Notably, the latter is 
consistent with significant ZrnPb populations in the Massif Central gneisses that 
characterized the target for RCIS (e.g., Melleton et al. 2010). We infer that the young 
mode represents radiation damage dates for neoblastic zircons crystallized from the 
impact melt and pre-impact zircons that were completely reset by the RCIS event.  This 
mode is defined by eight zircons, six of which were separated from Montoume impactite 
sample RIC_15_005.  The inverse variance-weighted mean ZrnRD date for these zircons 
is 211 ± 13 Ma at the 95% confidence level, which agrees with both the ZrnHe and ZrnPb 
impact ages. The MSWD of this mean – 0.28 – is better than might be anticipated from 
the presumed analytical uncertainties, plausibly indicating that our assignments of 
uncertainties for ZrnRD data are overly pessimistic. 
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Figure 9: Probability density (gray) and kernel density estimator (unfilled) plots for the 
ZrnRD dataset. Small open circles indicate specific dates. Kernel density estimator was 
calculated assuming a bandwidth of 30. Data are in Table S3, Appendix B. 
 
Discussion 
We conclude that this study’s ZrnHe, ZrnPb, and ZrnRD mean dates of 191.6 ± 
9.1 Ma, 202.6 ± 5.8 Ma, and 211 ± 13 Ma are dating the true impact age, and display a 
clear agreement with the Schmieder et al. (2010) 201 ± 2 Ma (2σ) 40Ar/39Ar age, 
suggesting RCIS should be excluded from the Spray et al. (1998) Late Triassic Multiple 
Impact Event.  It also suggests the impactites at Rochechouart did not average secular 
variation, as suggested in Eitel et al. (2014). Although less precise than the 40Ar/39Ar 
data, these chronometers successfully resolved the discrepancy between Schmieder et al. 
(2010) and Kelley and Spray (1997). It is important to remember that high precision is 
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not always synonymous with accuracy; the multichronometric approach provides a 
method to check the accuracy of various datasets.    
The ZrnPb results are important to this study because this chronometer is 
typically unaffected by low-temperature thermal events that may reset the ZrnHe 
chronometer (Figure 2). The ZrnPb chronometer can remain undisturbed through 
metamorphic events, sedimentary processes, and magmatic entrainment (e.g. Pankhurst 
and Pidgeon 1976; Harrison et al. 1987; Riggs et al. 1996; Cherniak and Watson 2001). 
We regard the ZrnPb impact age as a moderately precise indication of the Rochechouart-
Chassenon impact event, however it is highly likely that the ~2.8% precision could be 
improved by using a TIMS for analyses. This brings to light an interesting method for 
obtaining highly precise impact ages. The laser ablation ICP-MS technique is a relatively 
simple and time-efficient process – it can analyze a large number of zircons in a short 
amount of time. For impact craters with relatively small volumes of melt sheet, LA-ICP-
MS can provide a ‘pre-TIMS reconnaissance’ on a large number of zircons and 
potentially identify a small subset of impact-aged zircons. These grains can be extracted 
from the mount and subsequent TIMS U/Pb analysis could provide a more precise age 
for the impact.  
Although the ZrnRD data provide interesting and supportive information, the low 
precision makes it difficult to confidently draw conclusions from this chronometer alone. 
Rochechouart is the first impact crater this method was applied to, but it is relatively 
small and contains only a small percentage of recrystallized zircons in its melt rocks, as 
evidenced by the U/Pb data. Applying the ZrnRD chronometer to a larger crater with an 
extensive melt sheet would most likely lower the dispersion; it would be interesting to 
 
 
35 
compare the results from this study and, for instance, ZrnRD data from Manicouagan, 
where the presence of newly grown zircons are more abundant.   
Paleogeographic and tectonic reconstructions for the Late Triassic indicate that 
the Rochechouart-Chassenon impact occurred in shallow waters of the Tethys Sea 
(Ziegler et al. 1983; Ziegler 1988; Lambert 2010). The Massif Central may have been one 
of many small islands off the northern Gondwana margin that were separated by shallow 
channels of water (Ziegler 1988). The present-day British Isles occupied a similar 
paleogeographic position. Simms (2003) reported severe soft sediment deformation in 
siltstones and sandstones of the Cotham Member (Lilstock Formation, Penarth Group, 
Rhaetian) in the United Kingdom that he interpreted as a 1-4 m-thick seismite, overlain 
by a discontinuous, ≤1 m-thick tsunamite deposit. The observed lateral extent (~250,000 
km2) is anomalously large for a seismite and is difficult to explain through conventional 
terrestrial processes, like earthquakes or volcanic eruptions (Simms 2003, 2007). Even 
the most intense earthquakes (M>9) typically disturb rocks or sediments <500 km from 
the epicenter (Obermeier 1996). Given that the observed lateral extent is the minimum 
region affected—there is no Cotham Member outcrop in the UK that lacks a ≥1 m 
seismite—Simms (2003) asserted that an impact is the most likely cause for these 
observed deposits, considering the necessary high-energy nature of the event.  
Although there are no reported distal ejecta found in this area, the timing of the 
seismite deposit overlaps with the likely Rochechouart-Chassenon impact age based on 
our data and those of Schmieder et al. (2010). The seismite is underlain by mudstones of 
the Rhaetian Westbury Formation, providing an upper age limit of ~208.5 Ma (IUGS 
Chronostratigraphic Chart, 2013). Within 1 to 13 m above the seismite, the ammonite 
Psiloceras appears in mudstones and limestones of the Lias Group; the appearance of 
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this fossil presently characterizes the boundary between the Triassic and Jurassic 
(Hodges 1994). This implies a lower age limit of ~201 Ma for the seismite (IUGS 
Chronostratigraphic Chart, 2013). Simms (2003) asserted that the seismite was 
deposited no more than ~1 million years before the end-Triassic extinction, but due to 
the undisturbed sediments between the top of the seismite formation and the 
appearance of Psiloceras, it is unlikely the end-Triassic extinction and seismites are 
correlated.  
 
CONCLUSIONS 
Zircons from the Montoume and Babaudus impactites at the Rochechouart-
Chassenon impact structure yield (U-Th)/He, U/Pb, and radiation damage dates that are 
all consistent with the previously published Schmieder et al. (2010) 40Ar/39Ar date of 201 
± 2 Ma for impact-affected target materials. The most precise of our constraints are from 
a sub-population of eight apparently neoblastic zircons yielding an inverse variance-
weighted mean ZrnPb date of 202.6 ± 5.8 Ma. We regard it as probable that the 
imprecision of this date relates to the analytical methodology used and that thermal 
ionization mass spectrometry (TIMS) dating of neoblastic zircons from the RCIS (in 
progress) will likely yield the highest precision and most robust estimate of the timing of 
impact. ZrnHe dates for the impactites are overdispersed but yield a weighted mean date 
of 191.6 ± 9.1 Ma (n=39).  
This is the first study to attempt to use radiation damage as an absolute dating 
method for impactites. Our radiation damage dates are imprecise compared to those 
obtained using isotopic chronometers and highly dispersed, but they display two major 
populations at ca. 210 Ma and ca. 470 Ma. We interpret the former population as 
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including zircons that were nearly completely annealed in the impact event; their 
inverse-variance weighted mean date of 211 ± 13 Ma (n=8) is consistent with the isotopic 
data.  
The statistical consistency of U/Pb, 40Ar/39Ar, (U-Th)/He, and radiation damage 
geochronological data reported here and in Schmieder et al. (2010) strongly support the 
interpretation that the Rochechouart-Chassenon impact took place within uncertainty of 
the Triassic-Jurassic boundary, not as part of an earlier impact catena as suggested by 
Spray et al. (1998). While it seems highly unlikely that the Rochechouart-Chassenon 
impact was related in any significant way to the nearly simultaneous, globally significant, 
end-Triassic biologic extinction event (Blackburn et al. 2013), possible regional affects 
may have included seismite and tsunamite deposits in the present-day British Isles 
(Simms 2003).  
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Zircon Separation  
Samples were rock-sawed, hand-crushed, and dry-sieved into three size fractions: 
>1.4 mm, 0.5-1.4 mm, and <0.5 mm. The latter fraction was wet-sieved into three 
additional size fractions: 250-500 µm, 120-250 µm, and 50-120 µm. The three size 
fractions were magnetically separated individually on a Frantz Separator in a 
0.20.40.71.01.2 A sequence. The yielded materials were subsequently combined 
due to the small output and the >1.2 A grains were separated by density using lithium 
heteropolytungstates (LST) heavy liquid. The denser grains were obtained and cleaned in 
a sonicator, using a liquid sequence of waterethanolmethanolacetone, each stage 
lasting for ten minutes. Once dry, grains were poured into a glass dish and hand-picked.  
Mounting: TorrSeal 
Double sided tape was flattened onto a glass slide and zircon grains were placed 
on the tape under a microscope within a one centimeter diameter plastic ring. The 
TorrSeal mixer gun was given a new tip and the mixture pressed into the ring, using a 
straight edge to flatten the top (while attempting to minimize bubbles). The glass slide 
was then placed on a hotplate at 60°C for one hour; temperature was verified by a 
thermocouple and stayed within 5°C of intended value. The temperature was lowered to 
40°C for two hours and then the glass plate removed from the hotplate. The mount was 
not touched for 72 hours, allowing the TorrSeal to fully cure. It was then extracted from 
the plastic ring and polished using 30/12/9/3/1/0.5 µm Precision Surfaces International, 
Inc., MicroAbrasive sheets with water. It was finally sonicated in water for 10 minutes 
and set out to dry, ready for analysis.  
Mounting: Epoxy 
Double sided tape was flattened onto a plastic block and zircon grains were 
placed on the tape under a microscope within a one inch diameter plastic ring. Struers’ 
EpoFix epoxy was mixed using instructions on the box (15:2 volume ratio of 
resin:hardener) and poured into the plastic ring. The plastic box was placed into a small 
vacuum system for ~1 hour and then set to cure for 12 hours. The mount was extracted 
from the plastic ring and very lightly polished using 9/3/1/0.5 µm polishing paper, 
mainly to rid the mount of tape residue. It was then ready for analysis.  
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Analysis: Conventional (U-Th)/He 
 All analyses were completed at Arizona State University’s Group 18 Laboratories, 
supervised by Dr. Kip Hodges.  
The zircon grains were loaded into Nb tubes after necessary measurements 
(perpendicular half-widths, total length, and pyramidal terminations, all found in Table 
S1), crimped, placed into the Australian Scientific Instruments Alphachron palette, and 
pumped to ultrahigh vacuum (typically accomplished overnight). Two FCT zircon age 
standards, one Durango fluorapatite shard, and two Nb tube blanks were included for 
every 20 unknown analyses. The samples were heated with a 45 Watt, 923 nm diode 
laser and the resulting gas was spiked with 3He and cleaned of reactive gases on a hot 
getter. Cleaned aliquots were analyzed on a quadrupole mass spectrometer connected to 
an electron multiplier detector. Between each sample analysis, an aliquot of known 4He 
was spiked with 3He and analyzed to allow the 4He in unknown sample to be calculated. 
Samples are re-extracted until the blank-corrected 4He is ≤0.5% of the original output. 
Average blank was ~0.04 fentomoles of 4He.  
Once 4He measurements are complete, samples are unloaded and dissolved for U 
and Th analysis. Nb tubes are placed in small Teflon tubes and undergo a sequence of:  
1) Spike of known U/Th concentration added to all samples 
a. For every 14 unknown samples, one spike standard is prepared 
2) Add HF to vials 
3) Parr bomb at 225°C for 72 hours 
4) Dry down on hotplate 
5) Add HCl to vials 
6) Parr bomb at 200°C for 24 hours 
7) Dry down on hotplate 
8) Add HF and HNO3 to vials 
9) Transfer liquid to 15 mL tubes filled with 1.5 mL DI water 
Samples are then analyzed on a Thermo Scientific i-Cap Q inductively coupled plasma 
mass spectrometer. Post-analysis, all elements (4He, 238U, 232Th) were blank corrected. 
235U was not analyzed, but the widely accepted Steiger and Jaeger 1977 238U/235U ratio of 
137.88 approximated its contribution. Uncorrected ages were found iteratively via the 
fundamental equation: 
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 4𝐻𝑒 = 8 ∗ 𝑈238 ∗ (𝑒𝜆238𝑡 − 1) + 7 ∗ 𝑈235 ∗ (𝑒𝜆235𝑡 − 1) + 6 ∗ 𝑇ℎ232 ∗ (𝑒𝜆232𝑡 − 1) 
147Sm typically contributes <1% to 4He production and was not included in the analysis. 
These ages were then corrected for alpha ejection using the set of equations initially 
outlined in Farley et al. (1996) and expanded in Hourigan (2005); the tetragonal prism 
with pyramidal termination A1/A2 values were used from Hourigan (2005). Errors were 
propagated through the calculations, but no error was assigned to the alpha ejection 
correction factor.  
Analysis: Laser Ablation U-Pb 
 Zircon mounts were loaded into a Photon Machines Analyte G2 with a 193 nm 
excimer laser and HelEx dual volume ablation cell connected to a Thermo Scientific i-
Cap Q ICP-MS (epoxy and TorrSeal mounts analyzed separately). ICP-MS was auto-
tuned while ablating on National Institute of Standards and Technology (NIST) 612 
glass. Laser operated at 100% power at 5 mJ and pit sizes ranged from 25 to 65 µm. 
Plešovice acted as an age standard and one aliquot was analyzed for every 5 unknown 
grains. Post-analysis, the data was reduced in Igor Pro software. Pre-ablation baselines 
for every pit were fitted and subtracted. The duration of each run was manually refined 
after importation in the software and the Plešovice standard was designated as the 
reference material.  
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Table S1: ZrnHe data for each sample analyzed in this study.  
Sample 4Hea 238Ua 232Tha DateRAWb 2σRAWb R1c R2c L c H1 c H2 c Βd  FTe Datecorrf 2σcorrf 
 1011 
atoms 
1011 
atoms 
1011 
atoms 
Ma Ma µm µm µm µm µm µm-1 Mean Ma Ma 
RIC_15_002 (Montoume) 
z1 2.043 9.112 5.518 150.5 4.4 25.1 31.6 118.4 31.9 25.7 0.090 0.64 234.3 6.8 
z2 3.383 16.26 5.147 148.2 4.4 39.2 43.1 161.5 41.7 40.3 0.063 0.75 198.9 5.9 
z3 3.179 17.05 5.883 132.3 3.8 39.9 37.3 126.4 30.9 30.8 0.069 0.72 183.6 5.3 
z4 1.566 8.556 2.916 130.0 3.9 34.8 26.9 130.0 30.1 22.5 0.082 0.68 192.5 5.7 
z5 0.4467 2.529 0.791 126.2 4.1 26.4 27.3 106.9 26.9 24.9 0.095 0.63 201.1 6.6 
z6 0.6185 3.609 1.032 123.2 3.8 30.7 29.2 101.4 25.0 22.5 0.088 0.65 188.9 5.8 
z7 1.331 5.565 3.990 157.0 4.7 30.7 32.2 133.3 36.0 34.0 0.081 0.68 232.7 7.0 
z8 1.017 6.032 2.330 118.7 3.6 26.7 28.7 118.5 25.9 24.3 0.090 0.65 183.8 5.6 
z9 0.849 5.100 2.040 116.9 3.6 29.1 24.9 104.1 25.5 26.6 0.096 0.62 187.3 5.7 
z10 2.798 13.86 8.216 136.0 3.9 39.2 32.5 139.9 24.7 30.9 0.071 0.71 190.8 5.5 
RIC_15_005 (Montoume) 
z1 9.85 43.19 13.250 162.59 4.8 40.1 50.2 176.0 29.7 47.3 0.057 0.77 211.9 6.2 
z2 23.13 106.12 24.94 157.88 4.6 37.4 37.5 244.3 40.8 32.1 0.061 0.75 209.9 6.1 
z3g 2.639 21.13 11.627 85.27 2.4 26.7 30.7 120.2 25.1 23.1 0.087 0.66 130.2 3.7 
z4 1.516 8.435 4.151 123.72 3.6 37.0 29.8 169.1 29.0 31.5 0.072 0.71 174.5 5.1 
z5 42.38 177.2 49.24 171.40 4.9 44.7 34.7 258.1 43.7 45.3 0.059 0.76 225.4 6.5 
z6 4.550 23.28 9.180 137.13 3.9 27.7 31.7 154.5 38.4 41.1 0.083 0.67 204.7 5.9 
z7 10.99 56.36 18.06 138.88 4.0 28.9 37.4 139.6 29.7 32.5 0.077 0.69 200.2 5.7 
z8 1.782 11.58 2.036 113.36 3.3 31.7 26.2 118.0 30.8 32.9 0.090 0.65 175.0 5.1 
z9 4.902 22.20 7.258 156.86 4.5 39.2 31.1 119.6 29.0 29.0 0.076 0.70 225.6 6.5 
z10 9.94 50.40 20.48 138.06 3.9 28.3 27.6 127.7 21.6 25.8 0.087 0.66 210.7 5.9 
RIC_15_013 (Babaudus) 
z1 16.12 100.04 32.95 114.8 3.3 32.5 35.1 160.6 32.4 21.5 0.071 0.71 161.1 4.7 
z2 g 20.66 69.73 19.44 211.6 6.3 37.6 36.3 211.2 28.6 27.3 0.063 0.75 283.9 8.5 
z3 4.176 21.47 16.926 126.2 3.6 28.0 31.0 146.9 31.0 23.0 0.082 0.67 187.6 5.4 
z4 g 1.222 7.156 10.987 97.1 2.7 35.8 29.5 120.8 20.3 24.1 0.078 0.68 142.7 4.0 
z5 1.879 11.86 5.557 109.7 3.2 23.6 22.9 94.4 12.2 15.1 0.11 0.59 186.5 5.5 
z6 g 3.026 21.79 11.850 94.8 2.7 25.8 29.6 131.9 20.9 18.9 0.087 0.66 144.7 4.1 
z7 3.013 25.67 7.45 84.6 3.0 23.8 22.9 95.8 14.8 17.7 0.11 0.59 143.2 5.1 
z8 2.354 16.11 7.389 101.5 2.9 23.2 26.2 92.8 16.0 23.1 0.10 0.60 170.1 4.9 
z9 2.555 17.41 8.610 101.2 3.1 34.1 28.3 109.7 18.5 17.5 0.083 0.67 150.8 4.6 
 
 
 
5
4
 
Sample 4Hea 238Ua 232Tha DateRAWb 2σRAWb R1c R2c L c H1 c H2 c Βd  FTe 
Datecorr
f 
2σcorrf 
 1011 
atoms 
1011 
atoms 
1011 
atoms 
Ma Ma µm µm µm µm µm µm-1 Mean Ma Ma 
RIC_15_014 (Montoume) 
z1 2.379 10.79 5.244 151.5 4.6 27.7 26.6 129.4 18.0 21.8 0.088 0.65 232.9 7.1 
z2 g 8.92 74.07 33.74 83.8 2.4 50.3 39.9 174.3 38.0 36.2 0.057 0.77 109.3 3.2 
z3 g 2.571 19.42 5.928 95.0 3.0 34.9 40.7 121.0 30.5 24.8 0.071 0.71 133.1 4.2 
z4 4.037 22.43 11.480 123.4 3.7 31.8 31.1 108.5 23.4 21.6 0.083 0.67 184.2 5.5 
z5 3.204 12.81 5.585 173.4 5.0 24.6 27.1 140.6 23.1 22.5 0.091 0.64 270.5 7.9 
z6 13.73 59.26 24.88 161.3 4.7 36.5 35.0 172.7 32.6 30.3 0.067 0.73 221.7 6.5 
z7 5.126 27.95 18.20 122.3 3.5 28.1 30.9 137.1 24.2 24.8 0.082 0.67 182.3 5.1 
z8 3.357 14.72 8.609 153.7 4.5 34.5 32.0 164.0 34.5 34.9 0.073 0.71 217.9 6.4 
z9 3.413 18.25 6.154 132.8 3.9 30.3 28.7 147.6 31.5 33.2 0.082 0.67 197.3 5.8 
z10 0.744 4.274 2.199 119.2 4.7 29.7 25.7 107.9 18.9 23.8 0.091 0.64 186.6 7.4 
RIC_15_015 (Montoume) 
z1 4.051 19.14 6.408 150.2 5.1 29.8 28.0 105.5 14.1 21.7 0.088 0.65 230.3 7.8 
z2 1.015 4.421 2.979 152.0 5.1 28.2 24.3 100.1 19.7 18.7 0.097 0.62 245.7 8.3 
z3 2.032 10.46 4.599 135.1 4.6 24.1 27.0 109.7 16.9 26.5 0.097 0.62 218.1 7.4 
z4 1.897 13.59 6.074 97.2 3.2 30.8 24.5 96.7 15.2 17.5 0.094 0.63 154.0 5.1 
z5 1.243 5.338 3.559 154.3 5.3 28.3 28.3 96.7 38.2 24.3 0.098 0.61 251.4 8.6 
z6 1.019 7.71 3.278 92.5 3.1 32.5 23.9 96.4 32.3 20.0 0.097 0.62 149.5 5.0 
 
a  These are the absolute concentrations for parent and daughter isotopes used in the age equation. The widely accepted 238U/235U ratio of 137.88 
was used to calculate 235U.  
b This is the raw age, calculated iteratively from the age equation, that does not account for alpha ejection, along with the propagated error. 
c Zircon dimensions. R1 and R2 are perpendicular half-widths, L is the total length, and H1 and H2 are pyramidal termination heights.  
d Surface area to volume ratio.  
e Alpha ejection correction factor.  
f The alpha-ejection corrected age, obtained by dividing the raw age by FT, along with the propagated uncertainty. 
g Individual analyses that were excluded from the final inverse-variance weighted mean for ZrnHe in the text via a modified Hampel Identification.     
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Table S2: ZrnPb laser ablation ICP-MS data from this study.  
 207Pb/235Ua 2σa 206Pb/238Ua 2σa 
Date 
206Pb/238Ub    2σb 
RIC_15_002 (Montoume) 
z11 0.466 0.065 0.0534 0.0016 335.5 9.5 
z12 0.47 0.10 0.0613 0.0033 383 20 
z13 0.473 0.045 0.0556 0.0016 348.5 9.6 
z14 0.610 0.054 0.0690 0.0027 430 16 
z15 0.607 0.038 0.0732 0.0020 455 12 
z16 0.663 0.039 0.0806 0.0017 500 10 
z17 0.412 0.017 0.0521 0.0010 327.6 5.9 
z18 0.662 0.079 0.0724 0.0021 450 13 
z19 1.44 0.10 0.1378 0.0031 832 17 
z20 0.692 0.053 0.0826 0.0022 512 13 
z21 5.19 0.25 0.316 0.012 1765 60 
z22 0.619 0.034 0.0715 0.0013 445.2 7.7 
z23 1.03 0.16 0.0684 0.0018 426 11 
z24 0.557 0.031 0.0634 0.0014 396.3 8.5 
z25 0.630 0.028 0.0770 0.0012 478.1 7.0 
z26 0.740 0.061 0.0804 0.0038 497 22 
z27 0.576 0.034 0.0531 0.0016 333.3 9.6 
z28 0.773 0.040 0.0885 0.0012 546.7 7.1 
z29 0.735 0.048 0.0633 0.0011 395.6 6.5 
z30 1.703 0.070 0.1453 0.0026 874 14 
z31 0.405 0.041 0.05223 0.00071 328.2 4.3 
z32 0.567 0.044 0.0691 0.0030 430 18 
z33 0.745 0.042 0.0897 0.0021 554 12 
z34 0.489 0.046 0.0583 0.0017 365 10 
z35 0.549 0.067 0.0708 0.0048 440 28 
z36 0.731 0.042 0.06869 0.00073 428.2 4.4 
z37 0.566 0.021 0.06876 0.00063 428.6 3.8 
z38 0.522 0.033 0.05628 0.00092 704.0 9.3 
z39 2.46 0.15 0.2022 0.0097 352.9 5.6 
z40 0.690 0.035 0.0798 0.0013 1181 52 
z41 0.560 0.016 0.06713 0.00065 494.9 7.9 
z42 0.617 0.019 0.07611 0.00075 418.8 3.9 
z43 0.593 0.019 0.07287 0.00087 453.4 5.2 
z44c 0.396 0.014 0.0320 0.0012 203.1 7.3 
z45 0.514 0.015 0.06406 0.00087 472.8 4.5 
z46 0.480 0.056 0.0528 0.0012 400.2 5.2 
z47 0.676 0.020 0.0806 0.0010 499.5 5.7 
z48 0.603 0.016 0.0748 0.0010 331.7 7.2 
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 207Pb/235Ua 2σa 206Pb/238Ua 2σa 
Date 
206Pb/238Ub    2σb 
z49 0.515 0.023 0.05983 0.00093 465.1 5.8 
z50 0.499 0.017 0.0618 0.0010 374.5 5.7 
z51 0.527 0.033 0.05648 0.00059 386.7 5.9 
z52 0.600 0.030 0.07609 0.00091 354.2 3.6 
z53 0.461 0.014 0.05681 0.00063 472.7 5.4 
RIC_15_005 (Montoume) 
z11c 391 19 5.75 0.20 135 20 
z12 0.756 0.054 0.0895 0.0026 552 15 
z13 0.577 0.024 0.0711 0.0013 442.4 7.9 
z14 0.440 0.020 0.05624 0.00067 352.7 4.1 
z15 0.463 0.030 0.0563 0.0021 353 13 
z16 0.703 0.043 0.08340 0.00091 516.4 5.4 
z17 0.714 0.041 0.0909 0.0015 561.0 9.1 
z18 0.694 0.031 0.07381 0.00089 459.0 5.4 
z19 0.493 0.046 0.0497 0.0013 312.3 8.3 
z20 0.615 0.030 0.0726 0.0017 451 10 
z21 0.754 0.053 0.0739 0.0015 459.6 9.0 
z22 0.76 0.12 0.097 0.021 590 120 
z23 0.90 0.15 0.0747 0.0024 464 14 
z24 0.764 0.022 0.0924 0.0009 569.6 5.3 
z25 0.778 0.046 0.0897 0.0011 555.6 7.4 
z26 0.483 0.023 0.0600 0.0018 376 11 
z27 0.663 0.058 0.0664 0.0013 414.3 7.6 
z28 0.471 0.013 0.0469 0.0014 295.5 8.7 
z29 0.717 0.053 0.0718 0.0020 447 12 
z30 2.27 0.74 0.0726 0.0085 449 50 
z31 0.652 0.027 0.07475 0.00082 464.7 4.9 
z32 0.656 0.055 0.0371 0.0010 235.0 6.3 
z33 0.632 0.038 0.0727 0.0013 452.6 8.1 
z34 0.658 0.030 0.07945 0.00089 492.8 5.3 
z35 0.365 0.019 0.0419 0.0013 264.4 7.9 
z36 0.501 0.031 0.0613 0.0020 384 12 
z37c 0.814 0.070 0.0298 0.0011 189.2 6.6 
z38 0.522 0.017 0.05584 0.00072 270.1 3.4 
z39 0.575 0.016 0.0508 0.0010 319.4 6.4 
z40 0.443 0.016 0.04231 0.00059 350.2 4.4 
z41 0.3715 0.0078 0.04247 0.00053 267.1 3.7 
z42 0.3550 0.0075 0.04427 0.00051 268.1 3.3 
z43 0.492 0.019 0.05627 0.00067 279.2 3.1 
z44 0.434 0.015 0.05260 0.00087 352.9 4.1 
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 207Pb/235Ua 2σa 206Pb/238Ua 2σa 
Date 
206Pb/238Ub    2σb 
z45 0.384 0.013 0.04275 0.00048 330.4 5.3 
z46 0.3699 0.0079 0.03998 0.00022 252.7 1.3 
z47 0.521 0.016 0.05978 0.00056 374.3 3.4 
z48 0.594 0.014 0.0723 0.0015 269.8 3.0 
z49 0.742 0.014 0.09009 0.00069 449.9 8.9 
z50 0.634 0.015 0.07097 0.00051 556.0 4.1 
z51 0.609 0.023 0.07352 0.00046 457.3 2.8 
z52 0.510 0.015 0.04594 0.00052 442.0 3.1 
z53 0.647 0.065 0.0516 0.0013 282.6 3.0 
z54 0.3555 0.0075 0.04481 0.00048 342.0 3.2 
z55 0.372 0.010 0.03644 0.00091 324.4 8.2 
z56 0.368 0.012 0.04464 0.00040 230.7 5.6 
z57 1.214 0.026 0.1154 0.0016 281.5 2.5 
RIC_15_013 (Babaudus) 
z10 0.808 0.041 0.08921 0.00076 550.8 4.5 
z11 0.898 0.058 0.0904 0.0011 557.9 6.5 
z12 1.153 0.044 0.09199 0.00082 567.2 4.9 
z13 3.83 0.52 0.0934 0.0055 575 32 
z14 1.418 0.051 0.0575 0.0034 360 21 
z15 1.910 0.078 0.0826 0.0023 512 14 
z16 5.00 0.44 0.0967 0.0034 594 20 
z17 1.254 0.066 0.0571 0.0011 357.9 6.4 
z18 3.5 1.3 0.083 0.017 505 93 
z19 1.75 0.14 0.0471 0.0015 296.6 9.4 
z20 7.17 0.56 0.1123 0.0041 685 23 
z21 2.44 0.12 0.1120 0.0019 684 11 
z22 2.07 0.35 0.0676 0.0026 421 15 
z23 2.06 0.23 0.0660 0.0039 411 24 
z24 5.8 1.1 0.1137 0.0097 689 54 
z25 1.044 0.036 0.04279 0.00055 392.7 5.7 
z26 2.180 0.083 0.05430 0.00049 340.9 3.0 
z27 3.14 0.11 0.06282 0.00094 372.6 5.8 
z28 2.39 0.12 0.0595 0.0010 580.0 6.8 
z29 2.49 0.11 0.0942 0.0011 268.6 3.3 
z30 1.88 0.14 0.06087 0.00068 380.9 4.1 
z31 1.233 0.069 0.04254 0.00053 494.1 9.7 
z32 3.13 0.16 0.0797 0.0016 445 15 
z33 2.14 0.10 0.0715 0.0025 231.6 2.1 
z34 3.72 0.10 0.05559 0.00051 321.6 3.5 
z35 2.760 0.074 0.05116 0.00058 257.0 3.6 
 
 
58 
 207Pb/235Ua 2σa 206Pb/238Ua 2σa 
Date 
206Pb/238Ub    2σb 
z36 3.062 0.066 0.2522 0.0015 389.7 5.2 
z37 1.272 0.043 0.04067 0.00058 1449.8 7.8 
z38 3.079 0.048 0.05379 0.00043 337.7 2.6 
z39 4.37 0.16 0.0743 0.0012 461.8 6.9 
z40 2.210 0.034 0.04553 0.00034 287.0 2.1 
z41 1.943 0.048 0.04549 0.00047 286.8 2.9 
z42 1.754 0.079 0.06090 0.00088 381.1 5.3 
z43 2.148 0.086 0.09859 0.00087 606.1 5.1 
z44 0.884 0.030 0.03659 0.00034 348.7 3.1 
z45 1.972 0.052 0.05553 0.00071 348.3 4.3 
z46 1.710 0.080 0.08087 0.00055 501.3 3.3 
RIC_15_014 (Montoume) 
z11 0.631 0.029 0.07901 0.00094 490.1 5.6 
z12c 0.441 0.013 0.03031 0.00057 192.5 3.5 
z13 0.466 0.039 0.0482 0.0017 303 10 
z14 24.3 3.3 0.262 0.028 1460 140 
z15 0.540 0.032 0.0660 0.0014 412.1 8.7 
z16 0.467 0.020 0.0534 0.0013 335.1 8.0 
z17c 0.406 0.012 0.03301 0.00077 209.3 4.8 
z18 0.641 0.045 0.0772 0.0012 479.2 7.4 
z19 0.375 0.012 0.04100 0.00039 259.0 2.4 
z20c 0.3809 0.0093 0.0334 0.0014 211.7 8.5 
z21 0.933 0.084 0.1041 0.0030 638 17 
z22 3.86 0.31 0.241 0.014 1382 72 
z23 0.529 0.023 0.0652 0.0011 407.0 6.5 
z24 0.649 0.033 0.07991 0.00072 495.5 4.3 
z25 4.15 0.17 0.2465 0.0080 1417 42 
z26 0.509 0.028 0.0628 0.0010 392.3 6.1 
z27 0.498 0.016 0.0617 0.0010 385.8 5.8 
z28 0.444 0.019 0.05461 0.00077 342.7 4.7 
z29 0.584 0.032 0.06232 0.00086 293.2 7.2 
z30 0.447 0.014 0.04991 0.00070 313.9 4.3 
z31 0.427 0.028 0.04885 0.00065 307.5 4.0 
z32 0.418 0.017 0.04552 0.00080 286.9 5.0 
z33 0.619 0.018 0.0755 0.0011 469.4 6.6 
z34 0.342 0.011 0.04834 0.00048 304.3 3.0 
z35 0.618 0.042 0.05920 0.00062 370.8 3.8 
z36 0.554 0.027 0.06901 0.00064 430.2 3.9 
z37 0.666 0.030 0.0775 0.0014 481.0 8.4 
z38 0.543 0.015 0.06469 0.00089 404.0 5.4 
 
 
59 
 207Pb/235Ua 2σa 206Pb/238Ua 2σa 
Date 
206Pb/238Ub    2σb 
z39 0.560 0.037 0.03969 0.00090 250.9 5.6 
z40 0.538 0.020 0.05696 0.00056 357.1 3.4 
z41 0.387 0.015 0.03898 0.00061 246.5 3.8 
z42 0.485 0.010 0.04308 0.00036 271.9 2.2 
z43 11.12 0.17 0.4473 0.0041 2386 17 
z44 0.961 0.027 0.07050 0.00062 439.1 3.7 
z45 0.429 0.018 0.05457 0.00071 342.5 4.3 
z46 0.418 0.017 0.03820 0.00041 241.7 2.5 
z47 0.310 0.010 0.03833 0.00033 242.5 2.0 
RIC_15_015 (Montoume) 
z7 0.358 0.021 0.03815 0.00039 241.3 2.4 
z8 0.420 0.014 0.04388 0.00095 276.8 5.8 
z9 0.796 0.047 0.08269 0.00088 512.1 5.2 
z10 9.95 0.19 0.4478 0.0033 2385 15 
z11 0.396 0.044 0.04382 0.00087 276.4 5.4 
z12 0.673 0.023 0.0760 0.0013 471.9 8.0 
z13 0.647 0.042 0.07264 0.00071 452.0 4.3 
z14 0.93 0.34 0.0559 0.0054 350 32 
z15 1.79 0.16 0.152 0.010 904 57 
z16 0.727 0.072 0.0781 0.0017 485 10 
z17 0.637 0.047 0.0755 0.0051 468 30 
z18 0.47 0.11 0.0506 0.0022 318 13 
z19 0.497 0.057 0.0484 0.0024 304 15 
z20 0.645 0.054 0.0719 0.0013 447.3 7.6 
z21 0.573 0.035 0.0683 0.0020 426 12 
z22 0.662 0.015 0.07217 0.00044 449.2 2.7 
z23 0.413 0.021 0.0420 0.0010 264.9 6.0 
z24 0.523 0.022 0.06448 0.00091 402.8 5.5 
z25c 0.398 0.011 0.03302 0.00044 209.4 2.8 
z26 0.566 0.015 0.06830 0.00077 425.9 4.6 
z27 0.546 0.011 0.06284 0.00085 392.8 5.2 
z28 0.606 0.015 0.07282 0.00072 453.1 4.3 
z29c 0.377 0.058 0.03150 0.00069 199.9 4.3 
z30 0.696 0.014 0.08190 0.00086 507.4 5.1 
z31 0.482 0.014 0.04511 0.00091 284.4 5.6 
z32c 0.308 0.018 0.03190 0.00041 202.4 2.6 
z33 0.3134 0.0089 0.03679 0.00047 232.9 2.9 
 
a Corrected U/Pb ratios and uncertainties from the ICP-MS. 
b Final 206Pb /238U age and uncertainty, processed in IGOR Pro using the Plešovice zircon as an 
age standard.  
 
 
60 
c The nine youngest zircons from the whole dataset. The RIC_15_005_z11 date of 135 Ma is a clear 
outlier in the data and was not used in the mean for our proposed ZrnPb impact age.
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Table S3. ZrnRD data for all samples.  
Sample FWHMa 1σa CUb 2σb CThb 2σb Dac 2σc Dated 2σd 
 cm-1 cm-1 ppm ppm ppm ppm 
10-17 
α/mg 
10-17 
α/mg Ma Ma 
RIC_15_002 (Montoume)  
z54 9.78 0.49 605 36 409.2 1.4 5.84 0.75 251 34 
z55 7.55 0.38 104.7 6.3 58.0 8.9 4.34 0.53 1030 120 
z56 9.80 0.49 212 13 36.9 5.6 5.86 0.75 760 99 
z57 8.59 0.43 575 35 328 50 5.02 0.63 233 32 
z58 8.45 0.42 263 16 135 21 4.93 0.62 493 65 
z59 9.00 0.45 282 17 89.7 0.6 5.30 0.67 513 68 
z60 12.26 0.61 1930 120 1002.5 1.0 7.7 1.0 108 16 
z61 10.39 0.52 453 27 290.9 1.3 6.28 0.82 359 49 
z62 8.91 0.45 300 18 132 20 5.24 0.66 466 62 
z63 9.38 0.47 292 18 87 13 5.56 0.71 523 70 
z64 7.36 0.37 90.8 5.5 93 14 4.21 0.52 1050 130 
RIC_15_005 (Montoume) 
z58 6.66 0.33 144.3 8.6 89 14 3.77 0.46 662 83 
z59 9.42 0.47 324 20 191 29 5.59 0.71 449 60 
z60 8.90 0.45 322 19 221 34 5.23 0.66 416 55 
z61 9.78 0.49 302 18 203 31 5.84 0.75 493 67 
z62 13.38 0.67 1425 86 722 111 8.6 1.2 164 24 
z63e 15.83 0.79 1444 87 511 78 10.7 1.6 207 32 
z64 8.31 0.42 333 20 143 22 4.84 0.60 392 52 
z65 9.40 0.47 348 21 182 28 5.58 0.71 424 57 
z66e 12.20 0.61 785 47 1205 184 7.6 1.0 216 31 
z67 8.09 0.40 170 10 67 10 4.69 0.58 725 92 
z68 8.24 0.41 604 36 272 42 4.79 0.60 217 29 
           
 
 
 
Sample FWHMa 1σa CUb 2σb CThb 2σb Dac 2σc Dated 2σd 
 cm-1 cm-1 ppm ppm ppm ppm 
10-17 
α/mg 
10-17 
α/mg Ma Ma 
z69e 11.10 0.56 829 49 402 61 6.80 0.90 223 32 
z70e 8.85 0.44 660 39 513 78 5.20 0.66 202 27 
z71 6.40 0.32 156.6 9.3 85 13 3.60 0.43 597 75 
z72e 16.41 0.82 1566 94 498 76 11.2 1.7 203 32 
z73 6.68 0.33 168 10 96 15 3.78 0.46 580 74 
z74 13.85 0.69 1628 97 660 100 9.0 1.3 153 22 
z75 10.90 0.55 659 40 266 41 6.65 0.87 277 38 
z76 9.08 0.45 486 29 177 27 5.36 0.68 304 41 
RIC_15_013 (Babaudus) 
z47 9.09 0.45 344 21 186 28 5.36 0.68 410 55 
z48 6.15 0.31 154.4 9.2 100 15 3.45 0.41 568 73 
z49 7.89 0.39 750 45 295 45 4.56 0.56 169 22 
z50 8.35 0.42 337 20 230 35 4.86 0.61 371 49 
z51 6.93 0.35 144.4 8.6 54.9 8.4 3.94 0.48 721 90 
z52 6.29 0.31 332 20 160 25 3.54 0.43 287 37 
z53 6.31 0.32 186 11 92 14 3.55 0.43 502 63 
z54 5.97 0.30 246 15 76 12 3.34 0.40 376 48 
z55 7.22 0.36 339 20 178 27 4.12 0.50 324 43 
z56 8.56 0.43 1030 61 328 50 5.00 0.63 137 19 
z57 8.56 0.43 789 47 296 45 5.00 0.63 177 24 
z58 6.21 0.31 126.9 7.6 75 11 3.49 0.42 699 89 
z59 6.34 0.32 182 11 153 23 3.57 0.43 483 61 
z60e 18.25 0.91 1618 98 860 130 13.07 2.08 217 36 
z61 8.11 0.41 276 16 160 25 4.70 0.58 445 58 
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Sample FWHMa 1σa CUb 2σb CThb 2σb Dac 2σc Dated 2σd 
 cm-1 cm-1 ppm ppm ppm ppm 
10-17 
α/mg 
10-17 
α/mg Ma Ma 
RIC_15_014 (Montoume) 
z48 9.06 0.45 227 14 149 23 5.34 0.68 595 79 
z49 7.80 0.39 250 15 166 25 4.50 0.56 461 61 
z50 9.76 0.49 332 19 166 26 5.83 0.75 465 61 
z51 7.06 0.35 160 10 78 12 4.02 0.49 654 84 
z52 11.36 0.57 590 35 254 39 6.99 0.93 322 45 
z53 6.49 0.32 139.2 8.4 97 15 3.66 0.44 656 81 
z54 6.17 0.31 68.8 4.1 49.8 7.6 3.46 0.42 1190 140 
z55 7.20 0.36 217 13 153 23 4.11 0.50 481 63 
z56 12.41 0.62 1264 76 315 48 7.8 1.1 177 25 
z57 12.11 0.61 894 53 201 31 7.6 1.0 243 34 
z58 8.29 0.41 111.6 6.7 82 13 4.82 0.60 1000 130 
z59 7.42 0.37 432 26 166 25 4.25 0.52 272 36 
z60 7.14 0.36 298 18 185 28 4.07 0.50 356 46 
RIC_15_015 (Montoume) 
z34 18.72 0.94 598 36 301 46 13.6 2.2 592 98 
z35e 8.02 0.40 550 33 592 90 4.64 0.58 204 27 
 
a Corrected FWHM using the Irmer (1985) equation. For error propagation, all FWHM values were given a notional 1σ of 5% (Pidgeon et al. 2014).  
b Absolute concentrations of the isotopes with uncertainties; calculated using a customized, homogenous synzircon of known U-Th concentrations.  
c Alpha dose with propagated uncertainties. Calculated from the Palenik (2003) equation reported in text using the corrected FWHM value.  
d Radiation damage ages iteratively calculated in MATLAB using the Nasdala et al. (2001) equation reported in text (Equation 1), along with 
uncertainties derived from a Monte Carlo simulation.  
e Subpopulation of impact-aged zircons used for the ZrnRD inverse-variance weighted mean reported in text.  
